Occlusal pits and fissures of permanent molars are considered to have higher risk of developing caries. Enamel demineralization can be prevented by applying remineralizing agents, and their absorption increases with prior irradiation. This work evaluates the chemical changes produced by treating occlusal surfaces with sodium fluoride (NaF), hydroxyapatite-NaF-xylitol (HA-NaF-X), Er:YAG laser irradiation (L), and combinations thereof. Fifty enamel samples were randomly assigned to five groups (n = 10): NaF, HA-NaF-X, L, L + NaF, and L + HA-NaF-X. The chemical composition of human enamel was evaluated before (BT) and after (AT) treatment using energy-dispersive X-ray spectroscopy (EDS) and expressed in atomic percentages (at%). For combined treatment groups, the products were applied after laser irradiation. The statistical analyses included a paired t-test and ANOVA (p ≤ 0 05). After treatment, a significant increase in F at% was observed in the NaF group (2.71 ± 1.41). The irradiated groups showed significant increases in Ca and P at% and the Ca/P ratio. The highest values occurred for L + NaF (30.44 ± 4.28 Ca at%, 11.97 ± 1.45 P at%, and 2.55 ± 0.22 Ca/P ratio). Er:YAG laser irradiation alone or in combined protocols increased the Ca and P content of dental enamel, in vitro.
Introduction
Despite the multiple advances in prevention, dental caries is still a public health problem [1] . There are dental surfaces where caries develop more frequently [2, 3] , including the occlusal surfaces [3, 4] . This is mainly due to the morphology of these surfaces, which are characterized by pits and fissures that favor the accumulation and proliferation of pathogenic caries organisms [2, 5, 6] .
Fluoride has been studied for decades and has shown to be effective in preventing tooth decay by inhibiting demineralization, enhancing remineralization, and reducing the metabolic activity of bacteria [7, 8] . Fluorides are highly effective in reducing carious lesions that occur on the smooth surfaces of enamel. However, fluorides are not equally effective in protecting the occlusal pits and fissures, where the majority of carious lesions occur [6, 9] . Therefore, it is necessary to study new strategies for the prevention of occlusal caries.
Alternative remineralizing agents are now available, such as hydroxyapatite (HA). Several studies report that such agents have anticariogenic properties that are explained by the contribution of minerals to the dental structure, which promote remineralization and inhibit demineralization. However, the use of such agents remains controversial [10] [11] [12] [13] [14] [15] .
Reports indicate that the structural composition in enamel after irradiation with an Er:YAG laser can favor acid resistance due to the loss of carbonate [16] [17] [18] [19] [20] [21] . A combination of fluoride and laser treatments can also make the enamel more resistant to acid than either treatment alone [19, 20, [22] [23] [24] [25] [26] . Unlike fluoride, there are few studies that combine the use of lasers and remineralizing agents. Therefore, the purpose of this study is to evaluate the chemical changes produced by sodium fluoride (NaF), hydroxyapatite-NaF-xylitol (HA-NaF-X), Er:YAG laser irradiation (L), and combined treatments on the occlusal surface of permanent unerupted third molars.
Materials and Methods

Tooth Selection and Sample Preparation.
The study protocol was approved by the Research Ethics Committee at the Dental Research and Advance Studies Center, School of Dentistry, at the Autonomous University of the State of Mexico (UAEM). All subjects enrolled in this research signed a consent form. Thirteen unerupted permanent third molars were extracted from 11 patients for therapeutic reasons and stored in 0.2% thymol solution at 4°C for a period of no longer than two months. The crown was separated from the root in each tooth using a diamond disc (BesQual, New York, NY) mounted on a low-speed motor (Brasseler, Savannah, GA) under distilled water irrigation to prevent dehydration. The crown was fixed to a glass slide with thermoplasticized epoxy resin (Allied, Rancho Dominguez, CA). Afterwards, a diamond wheel (South Bay Technology Inc.) was employed to obtain samples under constant irrigation [18, 25, 27, 28] .
Buccolingual cuts were performed to remove the natural curvature of the mesial and distal surfaces of the crown to include pits and fissures on the occlusal surface. This portion was equally sectioned to obtain four samples with dimensions of 2 mm × 5 mm. A reference line was marked at 2 mm from the central occlusal fissure using a diamond disc (MDT Micro Diamond, Afula, Israel) mounted on a low-speed handpiece (MTI, New Jersey, USA) with water irrigation in order to delimit the area to be treated.
The samples were then cleaned for 5 min in separate containers filled with deionized water in an ultrasonic bath (Quantrex Q140, L&R Ultrasonics, NJ, USA) and dried at room temperature [25] . Specimens were scanned with a laser-fluorescence caries-detection system, the DIAGNOdent pen (KaVo, Biderach, Germany), and 50 specimens showing values between 0 and 13 (healthy teeth) were selected for the study and assigned to each group having no samples coming from the same tooth for each group. A diagram of the experimental design is shown in Figure 1. 
EDS.
The occlusal surface at the top of the central fissure was analyzed on the right edge of the sample using a scanning electron microscope (JEOL, JSM-5600LV, Japan), as shown in Figure 2 . An area of 659 μm × 500 μm was visualized at 200x standardized magnification. The observations were carried out in a low-vacuum mode at a pressure of 9 Pa with an electron acceleration voltage of 15 kV, a working distance of 21 mm, and backscatter detection. The atomic percentages (at%) of carbon (C), oxygen (O), chlorine (Cl), fluorine (F), calcium (Ca), and phosphorus (P) were analyzed using an X-ray detector system (Thermo Scientific, 5225 Verona, Madison, USA) attached to the microscope. Energy-dispersive X-ray spectroscopy (EDS) was conducted before treatment (BT) and after treatment (AT). 2.3. Surface Treatments. Fifty occlusal enamel samples were randomly assigned to five groups of 10 (n = 10) ( Table 1 ). The samples were treated individually, as described below.
2.3.1. Sodium Fluoride. The dental surface was dried, followed by the application of 1.1% (5457 ppm, calculated value) gel sodium fluoride at pH = 6.5 (Flor-Opal®, Ultradent, Utah, USA) for 4 minutes. The samples were then rinsed with deionized water for 30 sec and dried at room temperature.
2.3.2.
Hydroxyapatite. The samples were treated with a water-based cream that contains HA, 1450 ppm of NaF, and xylitol (Remin Pro, VOCO, Cuxhaven, Germany) at pH = 8.1 (calculated value). The application time was 4 min. The samples were then rinsed with deionized water for 30 sec and dried at room temperature.
Er:YAG Laser
Irradiation. An Er:YAG laser system (Lumenis OPUS DUO™ Er:YAG + CO 2 , Yokneam, Israel) was used to irradiate the samples of the groups subjected to the L, L + NaF, and L + HA-NaF-X treatments. The main experimental parameters of the laser during the study were as follows: a wavelength fixed at 2.94 μm, energy pulse of 100 mJ (12.7 J/cm 2 ), frequency of 10 Hz, pulse duration of 400 μsec, and an exit tip diameter of 1.0 mm. The energy levels were calibrated using the calipers of the equipment, and the energy delivered was measured periodically with a power meter (Laser Mate-P, Coherent Co., Santa Clara, CA).
The irradiation was performed manually in one direction with the tip smoothly scanning perpendicularly to the samples' enamel surface, in the limited area as shown in gray color, in Figure 2 . Simultaneously, distilled water was sprayed (5.0 mL/min) to reduce heating. The distance between the tip and the sample was 1 mm, which was ensured by using a sheet of stainless steel (23 mm × 5 mm × 0 5 mm) that was fixed to the top of the laser handpiece. At this tip-sample distance, the exit tip and the laser beam had the same diameter, which was confirmed by a laminated infrared sensor screen (Lumitek International Inc., Ijamsville, MD, USA) [18, 25, 27, 28] . Each sample was irradiated only once for 20 sec.
Combined Treatments.
The samples in the L + NaF and L + HA-NaF-X groups were irradiated with an Er:YAG laser, and then a remineralizing agent (NaF or HA-NaF-X) was applied immediately after. The parameters and techniques for the laser irradiation and remineralizing agent application were the same as those described previously.
Statistical Analysis.
All the data were analyzed using SPSS software (SPSS IBM, New York, NY, USA), version 19. The tests included a Kolmogorov-Smirnov test to assess the data distribution and a paired t-test to compare the atomic percentages of the different elements before and after treatment. Subsequently, one-way analysis of variance (ANOVA) was used to compare among groups. When significant differences were found, Bonferroni or Tamhane's T2 post hoc tests were applied, depending on Levene's test of homogeneity of variance. The level of significance was p ≤ 0 05 in all statistical analyses. Tables 2 and 3 present the at% of C, O, Cl, F, Ca, and P and the Ca/P ratio obtained with EDS for all groups. Before treatment (natural enamel), no statistically significant differences were observed in the at% of elements analyzed among groups. The values were from 29.81 ± 4.77 to 36.63 ± 8.64 for C at%, 50.52 ± 8.12 to 54.58 ± 5.58 for O at%, 0.20 ± 0.30 to 0.46 ± 0.64 for F at%, 7.15 ± 1.63 to 8.62 ± 2.45 for Ca at%, 5.36 ± 0.92 to 6.36 ± 1.00 for P at%, and 1.32 ± 0.23 to 0.36 ± 0.20 for the Ca/P ratio. After treatment, all elements evaluated by the group showed significant changes (p ≤ 0 05) except for the HA-NaF-X group, which did not present changes in at% for all elements analyzed. Only the NaF group displayed an increase in F at% (2.71 ± 1.41, p ≤ 0 05), while the irradiated groups showed significant decreases in C at% (similar among them), as well as significant increases in Ca and P at% and the Ca/P ratio. Nevertheless, the highest mineral values occurred for the L + NaF group (30.44 ± 4.28 Ca at%, 11.97 ± 1.45 P at%, and 2.55 ± 0.22 Ca/P ratio).
Results
EDS Evaluation.
Discussion
Dental caries is still a major oral health problem in most industrialized countries, affecting 60-90% of schoolchildren and the vast majority of adults [1] . The first permanent molars are the teeth most susceptible to occlusal caries, which is mainly due to the complex occlusal morphology characterized by numerous pits and fissures [3, 6] . In this research, samples were obtained from nonerupted third molars that had not been exposed to the oral environment and the associated variations in pH, demineralization, and remineralization cycles. They were assigned consecutively to the groups in order to guarantee not having more than one sample from the same tooth for each group; this step was required to avoid bias among the changes produced by each treatment protocol.
There are limited reports regarding the element content in the same area of dental enamel during consecutive experimental phases (before and after treatment under several preventive protocols) [18, 25] . Such analyses would allow for the objective measurement of the chemical changes that occur. The changes in C, O, Cl, F, Ca, P, and Ca/P ratio were evaluated on the occlusal surface by EDS as atomic percentages (at%), which allows us to determine directly the present number of atoms per element, unlike the weight percentage Additionally, the irradiation parameters were chosen according to the results of a pilot study that was designed after a literature review [16, 18, 20, 29, 30] . The enamel acid resistance achieved varies according to the type of laser used for this purpose, which have specific parameters. For the Er:YAG laser, Liu et al. suggested that the optimal laser energy for preventing enamel demineralization is 12.7 J/cm 2 [29] . This energy density with water irrigation (as employed in this study) is also considered as safe for pulp protection [20, 31] . For this reason, when combined treatments were used, they were applied after irrigated laser irradiation.
The results showed specific chemical changes that depended on the preventive protocol applied. The NaF group showed significant changes in all elements evaluated, with most showing a decrease (O, Cl, Ca, and P). This could have occurred at the expense of increases in C and F at%. These results are comparable with those reported by ZamudioOrtega et al. [25] , who applied acidulated phosphate fluoride (APF), although their study was performed on the smooth surfaces of temporary teeth.
It has been reported that neutral NaF solutions with fluoride concentrations of 100 ppm or less primarily resulted in the formation of fluorapatite, whereas higher fluoride concentrations resulted in the formation of calcium fluoride on the enamel surface [31] . The applied NaF product has a pH of 6.5 according to the manufacturer, which is close to neutral pH. Coupled with the high ppm (more than 5000), this could explain why increases in F at% occurred in only this study group. Additional studies are recommended to determine what fluoride-based compound forms under these conditions.
No chemical changes were found for the HA-NaF-X group. However, Gjorgievska et al. [14] suggest that HA particles in toothpaste react with the enamel surface, and the increased Ca and P concentrations result in the repair of demineralized surfaces. Furthermore, remnants present as deposits on the enamel surface can be used as Ca and P sources if future acid attacks occur. However, it seems that the application of HA-NaF-X alone is not enough to achieve this goal. Gravila et al. [15] reported higher Ca and p values (wt%) when HA was applied with fluoride twice a day for 14 days compared with fluoride products. The lack of increase in F at% could be due to the lower F concentration (1450 ppm) and the pH of 8.1 of the product employed in this group, in contrast to the NaF group. This highlights the fact that groups treated with Er:YAG laser irradiation exhibited similar patterns of chemical changes except for O. In either combined or single treatments, this element shows a parallel pattern according to remineralizing agent employed.
Only the irradiated groups showed a decrease of C at%. This could be explained by the decreased enamel solubility theory, which involves changes in the ultrastructure, such as reductions in the water and carbonate contents, an increase in the hydroxyl ion content, pyrophosphate formation, and protein decomposition [20, 32] . In relation to the lack of changes in the F at% content in irradiated groups, it seems that the laser irradiation parameters employed do not favor NaF uptake in the enamel structure when a single fluoride application is performed. However, Liu et al. [24] reported that low-energy Er:YAG laser irradiation coupled with 2.0% NaF treatment may inhibit enamel demineralization through increased fluoride deposition on the enamel surface, among other associated mechanisms.
Furthermore, the increases in the Ca at%, P at%, and Ca/P ratio in all irradiated groups suggest that the dental chemical structure of enamel could be favored. This is in accordance with Díaz-Monroy et al. [18] , who reported that chemical changes after acid dissolution showed stable or increased atomic Ca/P ratios among Er:YAG laserirradiated groups. These groups showed a reduction of Ca released into the acid solution associated with an increased acid resistance of the enamel. The combined treatment of laser and NaF produced the most evident increase in Ca/P ratio, which was probably at the expense of a great increase in Ca at%. This is similar to the results obtained when a combination of Er:YAG laser treatment (39.8 J/cm 2 ) and acidulated phosphate fluoride was applied to the primary enamel [25] . In this study group, the Ca/P ratio was higher than the stoichiometric ratio for pure hydroxyapatite (1.67). The Ca/P ratio is considered as a reliable indicator of tooth mineralization, independent of changes in other elements of the dental structure [25] .
There are also other promising strategies for the prevention of caries and erosion. Several studies have shown that CO 2 laser is very effective for the prevention of tooth decay and dental erosion under previously established parameters in comparison to Er:YAG laser, among other approaches [33] [34] [35] . However, based on the favorable chemical changes 5 Journal of Spectroscopy observed that could improve the enamel structure, it is suggested that additional studies be carried out to evaluate the acid resistance of enamel for the establishment of alternative preventive protocols and protect areas that are susceptible to caries, such as occlusal surfaces.
Conclusions
Each preventive protocol produced particular chemical changes. The application of 1.1% NaF produced a significant increase in F at% in the dental structure, and a stable Ca/P ratio was observed. The application of HA-NaF-X does not produce any change when used as a single treatment. However, in combination with Er:YAG laser, it shows a similar pattern to the irradiated groups. The Er:YAG laser irradiation alone or in combined treatments could favor the mineral content of the enamel structure by increasing the Ca at%, P at%, and Ca/P ratio.
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